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The magnetoresistance ~MR! ratio is enhanced by 35% by inserting the nano-oxide layer ~NOL! at
the Ta/Co interface in the FeMn-based top spin valves ~Ta/NOL/Co/Cu/Co/FeMn/Ta!. The
enhancement is attributed to specular reflection, resulting in a large resistance change and small
sheet resistance. However, the formation of NOL at the interface of Ta/Co suppresses the ~111!
texture, resulting in small exchange fields. Top spin valves with NOLs show good thermal stability
up to 200 °C annealing. The MR ratio is further increased after annealing at temperatures below
200 °C. Enhancement of the MR ratio by 61% can be achieved by annealing at 150 °C. For bottom
spin valves ~Ta/NiFe/FeMn/Co/Cu/NiFe/Ta!, NOLs formed at FeMn/Co and NiFe/Ta interfaces
increase MR ratios, but NOLs at Co/Cu or Cu/NiFe deteriorate the differential spin scattering and
significantly reduce MR ratios. © 2001 American Institute of Physics. @DOI: 10.1063/1.1356717#I. INTRODUCTION
Nano-oxide layers ~NOL! inserted between the pinned
layer and the antiferromagnetic layer were found to increase
the magnetoresistance ~MR! ratio and the exchange field in
the bottom IrMn-based spin valve ~SV!.1 The increase of MR
is attributed to the specular reflection due to the presence of
NOLs. Several possible ways to enhance the specular reflec-
tion have been reported: ~1! depositing noble metals on top
of SVs to obtain atomic-smooth surfaces,2,3 ~2! using oxides
as the AF layer4,5 or inserting a NOL1 to increase the poten-
tial barrier of electrons at the interfaces, and ~3! using oxy-
gen as a surfactant during the film deposition to achieve the
atomic-smooth interfaces.6 Sakakima et al. inserted a NOL
into the free layer and/or pinned layer and reported a signifi-
cant increase in MR ratio.7 FeMn-based top and bottom SVs
and pseudo-SVs have been fabricated in this work. The ef-
fects on MR ratio, thermal stability, and exchange field were
studied for insertion of NOLs at the interfaces. A NOL was
formed either by bombarding the surface with oxygen
plasma or by exposing the surface in oxygen atmosphere.
The effects of different NOL preparation on MR will be
discussed.
II. EXPERIMENTAL PROCEDURE
The samples Si/Ta ~80 Å!/Co ~50 Å!/Cu~21 Å!/Co ~40
Å!/FeMn ~100 Å!/Ta ~50 Å! ~top SV!, Si/Ta ~80 Å!/NiFe ~50
Å!/FeMn ~100 Å!/Co ~50 Å!/Cu ~21 Å!/NiFe ~100 Å!/Ta ~50
Å! ~bottom SV!, and Si/Ta ~80 Å!/Co ~50 Å!/Cu ~21 Å!/NiFe
~100 Å!/Ta ~50 Å! ~pseudo-SV! were prepared by using dc
magnetron sputtering with the presence of a magnetic field of
300 Oe to induce unidirectional exchange fields. The base
pressure was better than 331027 Torr. The deposition rate
was 1 Å/s. A NOL was formed in the load-lock chamber
either by exposing the interfaces in oxygen atmosphere or by
bombarding the interfaces with oxygen plasma. The total
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with an oxygen partial pressure of 3 mTorr. The oxygen
plasma was produced by applying 10 W rf power on a 5 in.
electrode. Some samples were field annealed (H5700 Oe) at
elevated temperatures for 2 h to investigate the thermal sta-
bility. The change of composition distribution due to anneal-
ing was measured with the depth profile of Auger electron
spectroscopy ~AES!. Atomic force microscopy was used to
image the surface topography. Magneto-optical Kerr effect
was used to measure the hysteresis loops, and the exchange
field was obtained from the loop shift. The MR ratio was
measured using a four-point probe at room temperature. The
structure was identified by x-ray diffraction. Electron spec-
troscopy for chemical analysis ~ESCA! was used to identify
the presence and the type of NOL.
III. RESULTS AND DISCUSSIONS
Ta is typically used in spin valves for the buffer or cap-
ping layer, but the surface energy of Ta is high so a rough
interface may form between Ta and the transition metals8
~Co, NiFe, etc!. This rough interface is the scattering source
for electrons, and shortens the mean free path leading to a
small MR. To solve this problem we inserted a NOL be-
tween the Ta and transition metals and examined the effect
of the NOL on MR. For the top SV samples, after deposition
of an 80 Å Ta ~buffer layer!, the surfaces of the samples
were exposed to oxygen atmosphere or bombarded by oxy-
gen plasma to form nano-oxides of TaOx . The MR ratio and
sheet resistance change (DR) increase with increasing oxi-
dation time as shown in Fig. 1. The enhancement of MR and
DR are more remarkable in samples oxidized by oxygen
plasma, of which MR and DR significantly increased in the
first 50 s during oxidation and were then gradually saturated.
The saturated MR ~6.6%! is increased by 35% with insertion
of nano-TaOx . The sheet resistance decreases ~not shown! in
the early stage of oxidation (t,100 s), and then almost
maintains a constant. The fact that DR increases and sheet
resistance decreases strongly suggests that specular reflection8 © 2001 American Institute of Physics
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Downoccurs at the interface of Ta/Co due to the presence of nano-
TaOx . The samples exposed to oxygen atmosphere show
lower MR and DR in the early stage of oxidation, but, unlike
the samples bombarded by plasma reaching a saturation, MR
and DR still slowly increase with oxidation time. This indi-
cates that the oxidation efficiency is lower by exposing than
by plasma bombarding; therefore, oxygen exposing takes a
longer time to form NOL of the same quality and thickness
as plasma bombarding does. Although insertion of NOL en-
hances MR, the exchange field of Co/FeMn is reduced as
shown in Fig. 2. X-ray diffraction reveals that the ~111! tex-
ture is dramatically suppressed by inserting nano-TaOx . The
~111! texture is essential for FeMn to achieve a large ex-
change field,9 and the presence of NOL seems to destroy the
preferred orientation, so the exchange field decreases with
increasing oxidation time.
To investigate the effect of inserting nano-CoO, a thin
layer of Co (t Å) was deposited on Ta ~buffer layer!, sequen-
tially oxidized by using oxygen plasma for 100 s, and then
50 Å Co was deposited on the NOL. To optimize the thick-
ness of Co, we first made a pseudo-spin valve Ta ~80 Å!/Co
~t Å!/Co~50 Å!/Cu~21 Å!/NiFe ~100 Å!/Ta ~50 Å!. The MR
increased with insertion of CoOx up to 5 Å Co and then
almost saturated. The DR showed a similar tendency to MR.
FIG. 1. MR dependence of Ta oxidation time for top SV,
Ta/TaOx /Co/Cu/Co/FeMn. The nano-TaOx is formed either by bombarding
the Ta surface with oxygen plasma or exposing Ta surface in oxygen atmo-
sphere. The inset shows the dependence of resistance change Dr on Ta
oxidation time.
FIG. 2. Dependence of the exchange field on the oxidation time of Ta for
top SVs, Ta/TaOx /Co/Cu/Co/FeMn.loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP liThe depth profile of ESCA showed that the thin Co layer
could be fully oxidized ~even for 15 Å case! under this oxi-
dation condition. The bonding of Co and O is close to CoO
by measuring the chemical shift of ESCA. Since the specular
reflection mainly occurs at the interface of Co and CoO, as
long as the CoO forms a full coverage, the MR enhancement
reaches a maximum and is saturated, independent of CoO
thickness.
Since the insertion of 5 Å CoOx obtained the saturated
MR, we made a top spin valve with the structure Ta ~80
Å!/Co ~5 Å, plasma oxidized!/Co~50 Å!/Cu~21 Å!/NiFe ~100
Å!/Ta ~50 Å!. The dependence of the MR ratio on the oxi-
dation time of Co is shown in Fig. 3. MR increased with
oxidation time and reaches a maximum ~5.6%! at 100 s, and
then decreases with further oxidation, but the value is still
higher than that of the spin valve without nano-CoOx . The
MR enhancement by inserting CoOx is less effective than by
inserting TaOx . The ESCA spectrum shows that the binding
energy of Co deviates from CoO for the oxidation time
longer than 100 s. In addition, the TaOx forms for long time
oxidation. The sheet resistance significantly decreases during
the first 100 s oxidation, and then slightly increases. Mean-
while, the resistance change DR significantly increases, and
then decreases, verifying the deterioration of specular reflec-
tion for long time oxidation. The MR enhancement becomes
less remarkable for the oxidation time longer than 100 s.
This could presumably be related to the change of nano-
oxide properties which deteriorated the specular reflection.
The exchange field of Co/FeMn monotonically decreases
with an increasing oxidation time of Co, the same as the case
of inserting TaOx . The reduction was also due to the weak-
ened ~111! texture.
The top SV with nano-CoOx or nano-TaOx ~prepared by
oxygen plasma! were annealed at elevated temperatures to
investigate the thermal stability. The MR of both SVs with
NOLs showed enhancement for the annealing temperature up
to 200 °C, and showed a maximum at 150 °C, as shown in
Fig. 4. The MR of SV with nano-TaOx can reach 7.8% after
150 °C annealing. After annealing at 150 °C for 2 h, the MR
increases 49% ~with nano-CoOx! and 61% ~with nano-TaOx!
compared to SVs without NOLs. The sheet resistance ~resis-
FIG. 3. MR dependence on oxidation time of Co for top SVs,
Ta/CoOx /Co/Cu/Co/FeMn. The CoOx is formed by bombarding the 5 Å Co
layer with oxygen plasma.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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~increases! with increasing annealing temperatures up to
150 °C. When the annealing temperature reaches 250 °C, the
MR suddenly drops. The increase in MR can be attributable
to the reduction of defects in NOLs or at the interfaces of
NOL and metals, amplifying the specularity. a-Fe2O3-based
SVs also show MR enhancement after annealing.7 The coer-
civity of free and pinned layers in SVs with or without NOLs
were not affected by annealing up to 150 °C; both slightly
increased at 200 °C, and significantly went up after annealing
at 250 °C. The depth profile of AES revealed that no appar-
ent interdiffusion occurred at 150 °C annealing, but interdif-
fusion between Co/Cu and Co/FeMn took place at 250 °C so
the MR dropped, accompanied by an increase in coercivity.
Even after 250 °C annealing, NOLs seemed to be stable, that
is, no obvious oxygen diffusion from NOLs was detected.
The bottom SV was fabricated and NOLs were inserted
in different positions as shown in Fig. 5. The oxidation time
of NOLs was 100 s using oxygen plasma. The estimated
NOL thickness was between 5 and 8 Å. The NOLs in posi-
tion 1–position 3 were nano-CoOx layers, positions 4 and 5
were nano-NiFeOx layers, and position 6 was a nano-TaOx
layer. MR was increased in position 1 and 6 as we observed
in the top SV. The nano-CoOx layer inserted at the interface
of Co and Cu ~position 3! significantly reduced MR ratio,
which implied that the NOL deteriorated the differential spin
scattering at the Co/Cu interface. The same reason can be
applied to the MR reduction by inserting a nano-NiFeOx
layer in position 4. Sakakima et al. reported the MR en-
hancement by inserting NOLs into the free or pinned layer.7
In our bottom SV, the nano-CoOx in the pinned layer ~posi-
tion 2! slightly decreased MR but nano-NiFeOx in the free
layer ~position 5! increased MR. The functions and the prop-
erties of these nano-oxides in the free and pinned layers are
not yet clear, so more work needs to be done to clarify their
effects.
IV. CONCLUSIONS
For top SV samples, the formation of NOLs at the Ta/Co
interface ~TaOx or CoOx! increased the MR ratio from 4.8%
FIG. 4. Variation of the MR ratio with annealing time for the top SV,
Ta/TaOx or CoOx /Co/Cu/Co/FeMn.loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP li~without NOL! to 6.6% ~with Ta oxides! and to 5.6% ~with
Co oxides!. The MR enhancement was significant using oxy-
gen plasma. The increase of MR was accompanied by an
increase in resistance change and a decrease in sheet resis-
tance, which indicated that specular reflection occurred. The
formation of NOLs at the interface of Ta/Co suppressed the
~111! texture and resulted in small exchange fields. Top SV
samples with nano-CoOx or nano-TaOx annealed at 150 °C
show a significantly enhanced MR ~7.78%!, 61% higher than
that of SVs without NOL. No apparent oxygen diffusion
from the NOL was observed during annealing. For the bot-
tom SV samples, NOL formed at the Co/FeMn and NiFe/Ta
interfaces increased the MR ratio, but NOLs formed at the
Co/Cu or Cu/NiFe interfaces significantly deteriorated the
differential spin scattering, and reduced the MR ratio.
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